Introduction
The word sepsis originated from the Greek word "σηψις" (pronounced as "sipsis") that is originally used in Greek language for describing deterioration of the animal or vegetable organic matter due to the presence of microbes. 1 However, the word sepsis was used in medical literature for the first time by Homer in his poems almost 2,700 years ago and the word was directly derived from the word "sepo" (σηπω) meaning "I rot". 2 The term sepsis was also used by the Greek physician Hippocrates in 430 BC to describe deterioration of the organic matter. 1 He is well known for his work in ancient Greek medicine. He introduced the concept of impairment in the body humors or fluids including blood, bile (yellow and black bile), and phlegm as a major cause of the disease. Thereafter, Ibna Sina (also known as Avicenna, AD 980-1037), a Persian philosopher and the father of modern medicine, described sepsis/septicemia as putrefaction of blood and tissues with fever. 3 The emergence of classic or modern concept of sepsis happened in the 19th century. Ignaz Semmelweis (a Vienna, Austria-based obstetrician, 1818-1865) is considered as the first physician to provide the modern view of sepsis while studying the cause of death in infants getting puerperal fever (also called childbed fever). He concluded that the childbed fever was caused by the decomposed animal matter that entered their blood system. He is also considered an early pioneer in developing antiseptic techniques.
It was the beginning toward understanding sepsis. In 1914, a German physician called Hugo Schottmüller established for the first time that the presence of infection is the basic requirement for the development of sepsis. 3, 4 In 1989, a USA-based intensive care unit specialist Roger C Bone defined sepsis as the invasion of microorganisms and/or their toxins into the bloodstream of patients and induction of the host's immune response against the microbial invasion called systemic inflammatory response syndrome (SIRS). 5, 6 This definition of sepsis remained valid for more than two decades. However, in the year 2016, the third consensus on sepsis, which is also called sepsis 3, defined sepsis as a condition of life-threatening organ dysfunction generated due to the dysregulation of the host's immune response during infection. 7 Sepsis 3 also led to the development of quick Sequential Organ Failure Assessment (qSOFA) scoring system for the early identification of simultaneous organ dysfunction in sepsis and challenged the SIRS criteria for sepsis definition because sepsis involves an early activation of both pro-and anti-inflammatory immune responses. [8] [9] [10] [11] Hence, sepsis 3 emphasized on early diagnosis and quick initiation of treatment during the ongoing process of sepsis to prevent mortality. Sepsis accompanied with the incidence of hypoperfusion and hypotension along with organ dysfunction is considered as severe sepsis, 12, 13 while septic shock is defined as severe sepsis with profound hypotension that persists during volume resuscitation and needs the administration of vasopressors including epinephrine, norepinephrine, isoproterenol, dobutamine, and so on. 10, 13, 14 Septic shock predisposes the patient towards an increased risk of mortality as compared to sepsis/severe sepsis alone.
Thus, sepsis is a condition of severely dysregulated immune response against a pathogen, where both pronounced and overwhelming activation of innate immunity along with the suppression of conventional T-cell-mediated immune response and an upregulation of regulatory T cells (Tregs) causing sepsis-associated immunosuppression are observed. 10, [15] [16] [17] [18] [19] [20] [21] [22] It is now well established that sepsis is a condition of an aberrant immune response where an initial innate immune activation fails to clear the source of the infection or pathogen, causing the generation of an overwhelming proinflammatory reaction responsible for multiorgan damage or failure ( Figure 1 ). Furthermore, patients surviving the episode of sepsis suffer from long-term immunosuppression, making them prone to develop secondary infections. 8, 9, 23, 24 Inflammasomes are the essential components of host's immune defense mechanisms that regulate the generation of proinflammatory immune response along with the recognition of intracellular pathogens. [25] [26] [27] [28] [29] However, activation of NLRP3 inflammasome is also shown to exhibit an inhibitory action on protective gastrointestinal immune response against helminthic infections. 30 The activation of both the classical/ canonical and non-canonical/non-classical inflammasome signaling pathways under diverse inflammatory conditions is shown in Figure 2 and the detailed mechanisms are described elsewhere in detail. [31] [32] [33] [34] [35] [36] [37] [38] The primary aim of the present review is to highlight the role of inflammasomes in sepsis-associated proinflammatory immune response and its targeting.
Inflammasomes as a regulator of immune homeostasis during infection and inflammation
Inflammasomes were first discovered as a caspase-activating complex comprising mainly caspase-1 (CASP1), caspase-5 (CASP5), Pycard/Asc, and NALP1, a pyrin domain-containing protein sharing structural homology with NODs, in the year 2002 by the research team led by Jurg Tschopp. 39 After 16 years of their discovery, they have been studied extensively and are still the topic of research targeting infectious and inflammatory diseases including cancer and neurodegeneration. [40] [41] [42] [43] [44] [45] [46] [47] Thus, inflammasomes might be playing an important role in the homeostasis of the immune system to maintain a healthy stage within the host. For example, inflammasomedeficient mice harbor an aberrant microbial community that can be dominantly transmissible to healthy animals. 48 This alteration in the microbial community due to the deficiency of inflammasomes causes a profound defect in intestinal immunity along with that in distant organs systemically. 48 In addition, the AIM2 and NLRP3-deficient New Zealand Black mice exhibit autoimmune phenotype responsible for the development of anti-erythrocyte antibodies and autoimmune hemolytic anemia. 49, 50 These mice also develop antinuclear antibodies typical of systemic lupus erythematosus. 49 The recognition of PAMPs or DAMPs involves specific germline-encoded receptors called pattern recognition receptors (PRRs) expressed either on the outer surface of the plasma membrane or intracellular cytoplasmic vesicles including endosomes, lysosome, or endolysosomes. [51] [52] [53] In comparison to a class of PRRs called Toll-like receptors (TLRs) that are present both on the cell surface and intracellular environment, certain receptors called Nod-like 
481
Inflammasomes and sepsis (also known as caspase-4). 31, 39 Only five PRRs including NLRP1, NLRP3, NLRC4, pyrin, and AIM2 are able to form inflammasomes. 55, 56 Under resting conditions, the inflammasomes are considered to exist in an inhibitory state. 57, 58 Once activated, they cause conversion of proinflammatory procaspases into their mature form. This inflammasomemediated activation of CASP1 and CASP11 causes the release of proinflammatory cytokines called IL-1β and IL-18. 55, 59 Thus, the activation of inflammasomes under diverse conditions causes proinflammatory cell death via several mechanisms including pyroptosis (inflammatory cell death) and necroptosis (a form of lytic inflammatory cell death or a physiological suicide initiated by RIPK3-mediated phosphorylation of MLKL). 57, [60] [61] [62] [63] Necroptosis is involved in the development, inflammation, and disease pathogenesis. 64 Hence, via inducing necroptosis or regulating the release of IL-1β and IL-18, inflammasomes play an active role in the process of generation of inflammatory immune response and in the disease pathogenesis, depending on the condition/stimulus. 65, 66 Inflammasome-mediated release of IL-1β and IL-18 and the maintenance of immune homeostasis IL-1β and IL-18 are the very first proinflammatory cytokines released by the macrophages and dendritic cells (DCs) upon an encounter with different pathogens. 59, 67 IL-1β acts as an endogenous pyrogen and is responsible for the induction of fever, release of hepatic acute-phase proteins, activation of lymphocytes (ie, release of IL-2 form T-cells), and an upregulation of prostanoid synthesis. [67] [68] [69] However, IL-18 does not produce fever or induce prostaglandins (PGs) or prostanoids due to its inability to induce cyclooxygenase-2 (COX-2), but induces inflammation via other mechanisms. [70] [71] [72] The inability of IL-18 to induce COX-2 activation and, thus, fever can be attributed to the fact that it acts by stimulating p38 mitogen-activated protein (MAP) kinase pathway, not via NF-κB activation. 71 In addition, IL-18 can attenuate IL-1beta (an endogenous pyrogen) induced fever. 73 Instead, it induces the overexpression of adhesion molecules required for neutrophil infiltration at the site of infection or inflammation and increases nitric oxide (NO) synthesis and chemokines required for neutrophil and T-cell chemotaxis. 74 IL-18 was found to induce the synthesis of interferon (IFN)-γ, and thus plays an important role in the polarization of T-cells toward proinflammatory Th1 cells. 67, 75 IL-18 controls energy homeostasis by suppressing appetite and feed efficiency in mice, as IL-18 -/-mice exhibit hyperphagia leading to the development of obesity, and insulin resistance causing an induction of metabolic syndrome phenotype due to a defective STAT3 phosphorylation. 76, 77 Thus, inflammasome-mediated CASP1 and CASP11 activation controls several immunological mechanisms via mediating the release of these cytokines.
Additionally, inflammasomes have also been implicated in the maintenance of normal and healthy intestinal microbiota. 78, 79 For example, NLRP6 inflammasome affects the intestinal microbiota in mice via recognizing various low-molecular-weight metabolites including taurine, pinitol, sebacate, and undecanedioate derived from colonic bacteria. 37, 80, 81 Thus, any disruption in the function of inflammasomes in the intestinal immune environment has a potential to induce a dysfunctional immune response that may lead to the development of an environment supportive to the dysbiosis of the gut bacteria into peripheral circulation, leading to the development of bacteremia and sepsis. [82] [83] [84] Thus, inflammasomes are one of the essential components of vertebrate immunity playing an important role in the defense against pathogens via regulating the generation of inflammatory immune response and other components of immunity required for the host defense.
Inflammasomes in the immunopathogenesis of sepsis
The induction of profound and dysregulated immune response during uncontrolled infections of different origins including bacterial, viral, parasitic, and fungal infections may lead to the development of sepsis. However, sepsis in most cases seems to be clinically associated with the occurrence of an uncontrolled bacterial infection caused either by gram-negative or gram-positive bacteria or both (polymicrobial sepsis). The induction of an effective innate immune response to clear the pathogen requires the identification of pathogens via different PRRs that recognize different PAMPs. 85 PAMPs are evolutionarily conserved molecular structures expressed by different pathogens, but are not synthesized or expressed by the host cells. 86 These PRRs can be classified into phagocytic PRRs and sensor PRRs. The phagocytic PRRs directly bind to the pathogens and prepare them for the process of phagocytosis via opsonization. 87, 88 On the other hand, sensor PRRs include different TLRs (TLR1-TLR13) that are present both extracellularly on the plasma membrane or intracellularly in endosomes or lysosomes, NLRs, and ALRs. [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] Thus, any defect in any of these PRRs and associated signaling pathway during the recognition of the potential pathogen and their PAMPs proves detrimental to the host by supporting the development of sepsis. [102] [103] [104] [105] [106] The intact pathogens or PAMPs that get into the cytosol are also recognized by intracellular PRRs. Inflammasomes act as a major class of intracellular PRRs, along with TLR3, TLR7, TLR8, and TLR9. However, inflammasomes are freely circulating in the cytosol, while intracellular TLRs are present in cellular organelles including endosomes, lysosomes, and phagosomes. Thus, the initial recognition of the pathogens and PAMPs by TLRs strengthens the inflammasome signaling required for the release of potent proinflammatory mediators and generates several other molecules that act as endogenous activators of inflammasomes. Both the canonical and non-canonical inflammasomes are activated under different infectious conditions, which may lead to the development of sepsis if not regulated/ controlled efficiently. 31, 32, 34, [107] [108] [109] [110] [111] All these factors and events are described subsequently under various subheadings.
Adhesion molecules, sepsis, and inflammasomes
A higher level of circulating adhesion molecules called intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) are seen in the clinical cases of sepsis in patients of all age groups [112] [113] [114] ( Figure 3A ). The increased circulating levels of ICAM-1 and VCAM-1 are well correlated with the higher incidence of sepsis-associated multiorgan failure (MOF) and mortality in patients admitted to the hospitals. 115, 116 The elevated serum level of VCAM-1 is associated with septic encephalopathy. 117 Thus, an increase in the circulating adhesion molecules is used as a prognostic marker for sepsis and septic shock. 113, 116 The expression of adhesion molecules on endothelial cells is required for the migration of immune cells (neutrophils, monocytes, and T-cells) at the site of infection to clear the pathogens. 118 However, overexpression of these adhesion molecules during sepsis leads to the increased infiltration of proinflammatory immune cells at the site of infection, which also causes tissue and organ damage. [118] [119] [120] [121] One of the factors contributing to the increased serum levels of adhesion molecules and MOF during sepsis is endothelial dysfunction and their death due to apoptosis or inflammasome-mediated pyroptosis 122, 123 ( Figure 3A) .
NLRP3 inflammasome activation also increases the expression of chemotactic molecules (ie, α4β1 integrin, CCL7, CCL8, and CXCL16). 124 The overactivated and dying macrophages during sepsis also release microparticles (MPs) in the systemic circulation that consist of IL-1β and components of the inflammasome, including ASC, CASP-1, and NLRP3 125 ( Figure 3A ). These MPs bind to and are internalized by human endothelial cells, causing induction of phosphorylation of extracellular signal-related kinase (ERK)1/2, NF-κB activation, and expression of ICAM-1, VCAM-1, and E-selectin. 125 However, macrophages lacking NLRP3 inflammasome exhibit reduced production and activity of MPs. 125 The endothelial cells lacking IL-1 receptor (IL-1R) showed decreased expression of adhesion molecules in the presence of these MPs. 125 Thus, NLRP3 inflammasome-mediated release of MPs containing IL-1β is essential to upregulate the expression of adhesion molecules on endothelial cells. The expression of different adhesion molecules on endothelial cells plays an important role in neutrophil chemotaxis and their infiltration at the site of infection to clear the infection initially. However, in the case of sepsis, persistent infection along with overactivation of the immune response may cause increased activation of the NLRP3 inflammasome. This causes increased release of MPs from the dying macrophages, which leads to higher expression of various adhesion molecules on the endothelial cells required for neutrophil/monocyte adhesion and migration to the distant organs. This increased infiltration of neutrophils/ monocytes along with clearing the pathogen also exerts collateral damage and, if not controlled, may cause severe organ damage, including lungs, kidneys, liver, and so on. 126, 127 On the other hand, this overactivation of endothelial cells also leads to their destruction and release of MPs which further enhances the pathogenic effect of endothelial cells. 127 Thus, a prolonged interaction between the neutrophils/monocytes and endothelial cells, where NLRP3 inflammasome activation induces increased expression of adhesion molecules on the endothelial cells, causes their overactivation and shedding of the adhesion molecules in the circulation and organ damage. 
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Inflammasomes and sepsis Figure 3A ). ICAM-1 levels are also elevated on endothelial cells upon inflammasome activation 129 ( Figure 3A ). Thus, this increased expression of ICAM-1 and VCAM-1 upon inflammasome stimulation plays an important role in neutrophil adhesion, transcellular migration, and neutrophil-dependent and -independent organ (ie, lungs, liver, heart, etc) damage during sepsis [130] [131] [132] [133] [134] ( Figure 3A) . Furthermore, an increased expression of ICAM-1 on the neutrophils is also observed during sepsis, which enhances their phagocytic potential and proinflammatory action. 135 However, it would be interesting to explore if the increased expression of ICAM-1 on the neutrophils is also a result of an inflammasome-based event or is independent of inflammasome activation. A potent NLRP3 inflammasome inhibitor called MCC950 was found to decrease the expression of ICAM-1 and VCAM-1 on the endothelial cells 136 ( Figure 3A ). Thus, it would be novel to study the impact of MCC950 on these adhesion molecules' expression on endothelial cells, circulating adhesion molecules, and MOF during sepsis. It would also be interesting to observe its action on the expression of ICAM-1 on neutrophils isolated from sepsis patients. Human neutrophils also express NLRP3, AIM2 inflammasomes, and CASP1. 137 Thus, activation of these inflammasomes on neutrophils during sepsis can provide defense against the invading cytosolic pathogens, along with an increased proinflammatory action via releasing IL-1β and IL-18. 137, 138 However, if this inflammasome-based protective action gets dysegulated, it may cause collateral organ damage as reactive oxygen species (ROS) generated by neutrophils exert a tissue destructive effect, and also, inflammasomes are further activated by ROS, which may further aggravate the tissue damage by releasing proinflammatory molecules [139] [140] [141] HMGB1, sepsis, and inflammasomes HMGB1 is a late mediator of sepsis that is released either actively by activated monocytes/macrophages or passively by cells that died due to necrosis or necroptosis [142] [143] [144] [145] ( Figure 3A ). This release of HMGB1 in the circulation during sepsis increases the expression of ICAM-1 and VCAM-1 via binding to the receptor for advanced glycation end products (RAGE). 146 This HMGB1-RAGE interaction also enhances the release of TNF-α, IL-8, MCP-1 or CCL2, plasminogen activator inhibitor 1, and tissue plasminogen activator. [146] [147] [148] The binding of HMGB1 to RAGE on endothelial cells causes transient phosphorylation of MAP kinases, ERK, JNK, and p38 and activation of NF-κB and Sp1 for its proinflammatory action. 146 It was found that as sepsis worsens, ROS generation and oxidation of HMGB1 further increase its proinflammatory potential, which aggravates the sepsis-associated inflammatory organ damage including acute kidney injury. 149 Therapeutic targeting of HMGB1 during sepsis modulated the proinflammatory cytokine profile in such a way that it improved several clinical features of sepsis and survival among experimental animals. 150 Furthermore, the mice that survived the episode of sepsis showed resistance toward developing secondary infections, but most of the patients surviving sepsis become prone to develop secondary infection later. 150 However, studies have shown the inflammasome-mediated regulation of HMGB1 release from activated immune cells including macrophages during sepsis. [151] [152] [153] [154] The deletion of inflammasomes including NLRP3 in mice during endotoxemia and bacterial sepsis decreases HMGB1 production and the associated inflammatory organ damage. 151, 152 In addition to canonical inflammasomes, the component of non-canonical inflammasome called CASP11 also has a great potential to modulate pyroptosis and the release of HMGB1 in the absence of CASP1. 155 This is because a genetic deletion of CASP11, rather than CASP1, in mice protected them from developing severe endotoxemia upon lethal lipopolysaccharide (LPS) challenge. 31 One of the contributing factors for the release of HMGB1 is the dead cells. However, it is not released by cells dying due to apoptosis; instead, it is rapidly released by cells dying due to pyroptosis that is induced by inflammasomes. 152, 156 The HMGB1 released due to pyroptotic cell death is more hyperacetylated at the nuclear localization sequences, as compared to the HMGB1 released due to necrotic cell death. 157 The hyperacetylated HMGB1 gets translocated easily and more frequently from the nucleus to the cytoplasm and from the cytoplasm to the secretory lysosomes by a default process; from there, it gets translocated into the extracellular environment upon appropriate stimulus, as compared to the hypoacetylated form. 158, 159 Further studies have indicated that HMGB1 also activates NLRP3 and CASP8 inflammasome via activating NF-κB. 160 Thus, both HMGB1 and inflammasome influence each other and targeting either of these during sepsis will provide a multi-target therapeutic approach that is essentially required. For example, glycyrrhizin-mediated inhibition of HMGB1 caused inhibition of the expression of adhesion molecules and oxidative stress on endothelial cells. 161 Thus, it will be interesting to observe the effect of glycyrrhizin on inflammasome activation during experimental sepsis and the associated immune response due to a strong interrelationship between HMGB1 release and inflammasome activation and vice versa. 
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Inflammasomes and sepsis ROS, oxidative stress, sepsis, and inflammasomes Phagocytosis of pathogens by immune cells leads to the generation of ROS to kill the pathogen. For example, neutrophils and macrophages responsible for the phagocytic killing of the pathogen also undergo apoptotic cell death due to the higher production of ROS [162] [163] [164] ( Figure 3A) . However, this increased generation of ROS also exerts bystander effects on cells responsible for its production along with the adjacent surrounding environment due to very high reactivity of these free radicals causing development of oxidative stress during sepsis. [165] [166] [167] Circulating ROS responsible for the sepsis-associated oxidative stress induce a profound modification in the erythrocytes causing activation of the circulating leukocytes and maintains the pro-oxidative state even after the clearance of circulating bacteria. 168 Additionally, endothelial cells encountering proinflammatory signals (ie, cytokines and MPs released by neutrophils and monocytes/macrophages) and circulating pathogens during sepsis also produce various ROS that cause a profound change in their endothelial vascular function including vascular tone and their morphology, leading to severe coagulating defects and organ dysfunction (ie, cardiac dysfunction, liver and kidney failure, acute lung injury, etc), 126, [169] [170] [171] as shown in Figure 3A . Thus, ROS plays an important role in the pathogenesis of sepsis and associated organ damage. However, a recent study has shown a lower production of ROS during early sepsis does not cause myocardial dysfunction. 172 This indicates that ROS generation starts during early sepsis and remains unchecked till late-stage sepsis called severe sepsis and septic shock, causing profound cardiac dysfunction and damage to the other vital organs leading to mortality. The late stage of sepsis is recognized as a stage of immunosuppression/immunoparalysis characterized by the susceptibility of the person to develop secondary infections. ROS generation also plays an important role in the induction of this stage by causing enhanced expression of NRF2-dependent ATF3. 173 Although this ROS-mediated induction of ATF3 protected the animals from developing endotoxic shock, it made them prone to develop severe bacterial and fungal infections by suppressing the release of IL-6. 173 Thus, the ROS levels impact both organ damage and susceptibility to secondary infections during sepsis.
The intracellular generation of ROS is also known to regulate the inflammasome activity; also, ROS are produced due to the activity of NLRP3 inflammasomes. 141, [174] [175] [176] Thus, ROS generation in the macrophages provides a priming effect to activate NLRP3 inflammasomes required for the efficient clearance of the cytosolic pathogen that is blocked by treatment with ROS inhibitors. 141 Thus, it can be inferred that the higher levels of ROS generated during sepsis keep the NLRP3 inflammasomes activated (even after clearance of the infection) and the inflammatory process unchecked, causing the death of these immune cells. This exaggerated death of proinflammatory immune cells including M1 macrophages, CD4 + , and CD8
+ T-cells causes the development of a stage of immunosuppression. 22, 177 Additionally, ROS generation in endothelial cells serves as a local endogenous trigger for NLRP3 activation 178, 179 ( Figure 3A ). This NLRP3 inflammasome activation causes the release of cytokines IL-1β and IL-18 that act as chemoattractants to further recruit inflammatory immune cells including neutrophils, causing further inflammatory damage to the organs including kidneys. 178, 179 Furthermore, ROS-induced NLRP3 activity was found to induce acute liver injury. 180 Thus, regulating the generation of ROS during sepsis or inflammasome has a potential to target sepsis and associated organ damage effectively.
ATP, adenosine, sepsis, and inflammasomes
A higher plasma level of adenosine 5'-triphosphate (ATP) is reported in sepsis patients and in animal models of sepsis [181] [182] [183] ( Figure 3B ). Furthermore, higher intracellular ATP is also observed in neutrophils isolated from sepsis patients. 184 Further study in this direction has indicated that higher levels of systemic ATP molecules cause an impairment in neutrophil chemotaxis and host defense. 185 The study further emphasizes that inhibition of endogenous ATP decreases the overactivation of neutrophils and the associated organ injury observed during sepsis. However, it exaggerates bacteremia and the spread of infection to distant organs and, thus, increases the mortality associated with sepsis. 185 But chelation or removal of systemic ATP enhanced the bacterial clearance from the circulation and increased survival by causing an improvement in chemotaxis of neutrophils at the site of infection. 185 The extracellular ATP is recognized by P2 purine receptors including ionotropic P2X receptors (P2X 1 -P2X 7 ) and G-protein-coupled P2Y receptors (P2Y 1 , P2Y 2 , P2Y 4 , P2Y 6 , and P2Y 11 -P2Y 14 ) expressed by various innate immune cells and nonimmune cells. [186] [187] [188] The recognition of extracellular ATP by P2X 7 receptor is involved in several inflammatory diseases by causing the maturation and release of IL-1β [189] [190] [191] ( Figure 1B ). P2X 7 receptor-mediated stimulation of NLRP3 inflammasome on the neutrophils was found to secrete IL-1β that may prove detrimental to the host. 191, 192 However, P2X 7 receptor activation on the macrophages and DCs also causes 
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Kumar activation of NLRP3 inflammasome and CASP1 activation, resulting in the release of IL-1β and IL-18 [193] [194] [195] [196] ( Figure 3B ). This P2X 7 -mediated activation of NLRP3 due to extracellular ATP in these innate immune cells also increases their antimicrobial action against cytosolic pathogens. 191, 197 The systemic inhibition of P2X 7 receptor with its antagonist called A740003 protected animals from sepsis-associated disruption in the intestinal barrier 198 ( Figure 3B) . Thus, the inhibition of ATP-mediated purinergic signaling mediated via P2X 7 receptors has a potential inhibitory effect on overactivated inflammasomes during sepsis. Further studies in this direction are required to fill the unknown gaps in the field. The in vivo stimulation of NLRC4/NAIP inflammasome through flagellated pathogens in monocytes, macrophages, and neutrophils was reported to cause severe systemic inflammation as observed in sepsis. 199 Adenosine is an endogenous immunomodulatory metabolite produced under diverse inflammatory conditions including sepsis. [200] [201] [202] Adenosine is constitutively present in the mammalian system in the extracellular environment in very low amount (≤1 µM). 200 However, its plasma level (4-10 µM in patients with septic shock) increases during different diseases causing metabolic stress such as acute tissue injury, sepsis, or septic shock 203, 204 ( Figure 3B ). Thus, high plasma adenosine levels can be used as a prognostic marker for sepsis and septic shock. However, adenosine acting via adenosine A 2A receptor (A 2A R) acts as a major regulator of inflammasome activity. 205 The higher plasma adenosine level during sepsis aggravates the maximal amplitude and duration of the inflammasome response. 205 This inflammasome regulation via adenosine is mediated by downstream signaling pathway initiated by A 2A R activation which causes activation of cyclic adenosine monophosphate (cAMP)/PKA/CREB/hypoxiainducible factor-1α signaling pathway. 205 This further causes the upregulation of pro-IL-1β, NLRP3 and increased activity of CASP1. This NLRP3 inflammasome pathway activation causes an increased production of IL-1β, IL-18, and pyroptosis of immune cells including macrophages to further aggravate the inflammatory process observed during sepsis, even in the absence of pathogen or associated PAMPs. This shows that these immune cells (ie, macrophages) do not exhibit tolerance, but remain in longer post-activation stage controlled by adenosine and cAMP. 205 Adenosine A 2A R and A 2B R targeting has been used as an immunomodulatory therapeutic approach to targeting sepsis. [206] [207] [208] [209] Thus, it will be interesting to observe the impact of this adenosine-based immunomodulatory therapeutic approach on inflammasome during sepsis.
Complement system, sepsis, and inflammasomes
Complement system (CS) is an evolutionarily conserved component of the innate immune system that plays a very important role in the host immune response and its regulation. [210] [211] [212] [213] Due to its important role in the recognition of potential pathogens, opsonization, directly killing the pathogens via forming membrane attack complex (MAC), and modulation of potential immune response, complement is recognized to play an important role in the pathogenesis of sepsis, septic shock, and associated organ damage and mortality. [214] [215] [216] [217] [218] However, the CS components also influence NLRP3 inflammasomes. 219 For example, phagocytosis of the complement-opsonized pathogens by macrophages stimulates the activation of NLRP3 inflammasomes and CASP1, which cause the release of proinflammatory cytokines (IL-1β and IL-18) and promote leukocyte infiltration at the site of infection (source of sepsis), as shown in Figure 4 . 220 This inflammasome activation does not occur upon phagocytosis of unopsonized pathogens or other particles opsonized with serum deficient in the terminal components of the CS. Another study has indicated NLRP3 inflammasome and CASP1 activation due to the formation of sublethal MAC, but not by the complement components C3a and C5a during endotoxemia. 221 The deposition of sublethal MAC on the cell surface increases the intracellular Ca 2+ which accumulates in the mitochondrial matrix and alters the mitochondrial transmembrane potential triggering NLRP3 inflammasome activation and CASP1 activity ( Figure 5) . 222 This intracellular Ca 2+ causes increased generation of mitochondrial ROS (mtROS) and the death of mitochondria causes the release of mitochondrial DNA (mtDNA) into the cytosol. 223, 224 This oxidized mtDNA activates NLRP3 inflammasome during the apoptosis of macrophages and other leukocytes which is a well-recognized phenomenon observed during sepsis or other acute infection. [225] [226] [227] Intracellular CS components, that is, C3aR and C5aR1, are shown to regulate the Th1 (CD4 + T-cells) immune response via generating intracellular ROS and effectively upregulating NLRP3 inflammasome, causing the release of IL-1β and IFN-γ in response to the pathogen. 228, 229 Studies have indicated early death and an alteration in the function of CD4
+ and CD8 + T-cells during sepsis. 16, 22, 230 Thus, it will be interesting to study the intracellular C5aR1 and C3aR and NLRP3 inflammasome in the T-cell population during early sepsis. The complement component C5a also plays an important role in the activation of NLRP3 inflammasomes and IL-1β release. 231 The cecal ligation 
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Inflammasomes and sepsis and puncture (CLP) model of sepsis in C5aR1 or C5aR2 (C5L2) -/-mice showed decreased activation of NLRP3 inflammasome and decreased production of IL-1β. 231 Further study indicates an increased production of ROS (both cytosolic and mitochondrial) in cardiomyocytes upon challenging with recombinant C5a, an inducer of NLRP3 inflammasome. 231 The NLRP3 -/-mice showed decreased defect in echo/Doppler parameters in the heart after CLP; thus, complement-mediated activation of NLRP3 inflammasome plays an important role in cardiac dysfunction observed during sepsis. 231 Furthermore, C3a component of CS also enhances the production of IL-1β from the macrophages and DCs treated with LPS via regulating the efflux of ATP and subsequent activation of NLRP3 (Figure 4) . 232 The binding of C3a to C3aR on macrophages induces ERK-1/2 phosphorylation which further promotes the efflux of ATP from the macrophages (Figure 4) . 232, 233 Thereafter, the binding of extracellular ATP to a P2X 7 receptor or the conversion of ATP into adenosine via CD39 and CD73 and its binding to adenosine A 2 receptors both cause activation of NLRP3 inflammasome and CASP1 during sepsis. 191, 200, 205 The C1q component of CS acts as a negative regulator of inflammasome activation during the uptake of apoptotic cells and directs macrophage polarization via decreasing the cleavage of proCASP1 to CASP1 required for the release of IL-1β. 234 Thus, the CS components influence inflammasome during sepsis in a wide variety of immune cells, and therapies targeting CS in a cell-specific manner have the potential to target sepsis via inflammasome modulation.
Autophagy, sepsis, and inflammasomes
Autophagy is considered one of the crucial innate immune mechanisms against infectious agents invading the host and plays an important role in inflammation. 235, 236 The major intracellular signaling mechanisms controlling the induction 
Notes:
The complement (C3b)-opsonized bacteria phagocytosed via MAC cause the binding of MAC to the macrophage membrane, which leads to the initiation of bystander damage via the upregulation and activation of NLRP3 inflammasome. The activation of NLRP3 causes activation of CASP1, which leads to the maturation and release of proinflammatory cytokines, IL-1β and IL-18. On the other hand, the sublethal form of the MAC called sublethal MAC also induces the activation of NLRP3 inflammasome and the release of IL-1β and IL-18 via increasing the intracellular Ca 2+ which enters into the mitochondrial matrix. The increase of Ca 2+ in the mitochondrial matrix leads to increased mtROS generation and alters the mitochondrial membrane potential, causing mitochondrial damage and the release of mitochondrial DNA into the cytosol. All these factors activate NLRP3 inflammasome. Additionally, binding of C3a to its cognate receptor C3aR also activates NLRP3 inflammasome via activating the eRK1/eRK2 pathway which causes the efflux of ATP that activates NLRP3 inflammasome via binding to P2X 7 . The ATP that gets converted into adenosine via the enzymatic action of CD39 and CD73 also activates NLRP3 inflammasome by binding to A 2 AR. Abbreviations: A 2 AR, A 2 A receptor; ATP, adenosine triphosphate; MAC, membrane attack complex; mtDNA, mitochondrial DNA; mtROS, mitochondrial reactive oxygen species. Figure 5 H 2 S production during sepsis and its impact on inflammasomes. Notes: H 2 S is produced by the enzymatic action of CSe, CBS, CAT, and MST on the amino acids l-cysteine and homocysteine (for details, see wang 271) . At a lower level, H 2 S inhibits NLRP3 inflammasome activation and the release of IL-1β and IL-18 via inhibiting the generation of mtROS and CHOP activity required for the activation of CASP1 and CASP11. However, at its higher levels observed during severe sepsis or septic shock, H 2 S exerts proinflammatory action via enhancing the levels of IL-1β and IL-18 through activating the CASP1, AIM2, and NLRP1b inflammasomes. Abbreviation: mtROS, mitochondrial reactive oxygen species. 
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Kumar of autophagy comprise AMPK, JNK/p38 MAPK pathways generating ROS and regulating NF-κB transcription factor regulated by TLRs (ie, TLR4, TLR9, etc). [237] [238] [239] The induction of autophagy during sepsis provides protection to the host against multiorgan dysfunction syndrome by preventing apoptotic cell death of immune cells, maintaining the homeostatic cytokine balance between the production of pro-and anti-inflammatory cytokines, and preserving mitochondrial functions, [240] [241] [242] [243] whereas any decline in the process of autophagy during sepsis is associated with an increased tissue and organ injury (ie, liver, brain, kidneys, etc). 244, 245 The polymorphisms of the autophagy-related loci in the IRGM gene are associated with high mortality in sepsis. 246 However, the induction of autophagy starts at the beginning of sepsis, but its flux is lost after a short duration of hyperactivity. 241, 247 Various strategies are used to restore the immune homeostasis via modulating the autophagy during sepsis. 248, 249 Thus, a regulated process of autophagy is essential to prevent exaggerated organ damage during sepsis.
It was found that loss of Atg16L1 protein required for the initiation of autophagy causes an increased production of IL-1β and IL-18 by the macrophages upon LPS challenge or during endotoxemia, due to overactivation of NLRP3 inflammasome and CASP1 in the presence of higher ROS and oxidized mtDNA. 225, [250] [251] [252] Thus, increased autophagy prevents an upregulated inflammasome activity responsible for proinflammatory damage observed during sepsis. For example, the inflammasome components, including NLRP3, NLRP1, and pro-caspase 1, can also be degraded via the process of autophagy through TRIM20 in the macrophages stimulated with IFN-γ. 253 Autophagy also controls the release of IL-1β via targeting the degradation of pro-IL-1β as it sequesters into autophagosomes, and further increasing the process of autophagy via rapamycin (an mTOR inhibitor) caused its degradation and inhibited the release of mature IL-1β during endotoxemia. 254, 255 The inhibition of autophagy increased the release of IL-1β in an NLRP3 inflammasomedependent manner due to increased generation of ROS. 254, 255 Also, activation of NLRP3 and NLRP4 inflammasomes inhibits autophagy in a beclin1-and PINK1-dependent manner during group A streptococcal infection responsible for sepsis in humans and hyperoxia that causes an increased ROS generation. [256] [257] [258] An enhanced activation of NLRP3 inflammasome during Pseudomonas aeruginosa infection in human macrophages prevents their intracellular killing without affecting the generation of antimicrobial peptides, ROS, and NO. 259 This pathogen escape via activation of NLRP3 involves an increase in LC-3-II protein and the formation of autophagosomes leading to enhanced autophagy. 259 The deficiency of Atg7 during P. aeruginosa-induced abdominal infection causes defective bacterial clearance, increased mortality, bacteremia, and development of sepsis. 260 The deficiency of Atg7 causes an aggravated release of IL-1β and pyroptosis of macrophages due to the upregulation of NLRC4 inflammasome and its activity. 260 NLRP6 inflammasome deficiency was also found to cause defective autophagy among intestinal epithelial cells and goblet cells, making them more susceptible to persistent Citrobacter rodentium infection and their dysbiosis to peripheral circulation causing sepsis.
261 SESN2 or Sestrin 2, a stress-inducible protein, suppresses sepsis by inhibiting the NLRP3 inflammasome activation via inducing mitophagy through mitochondrial priming to clear damaged mitochondria in activated macrophages. 262 SESN2 promotes the perinuclear clustering of mitochondria via mediating the aggregation of SQSTM1 and its binding to Lys63-linked ubiquitins on the mitochondrial surface. 262 Thereafter, SESN2 activates the specific autophagic machinery to degrade the primed mitochondria through an increased expression of ULK1 protein, a mitophagy inducer. The increased SESN2 expression during sepsis/endotoxemia is further enhanced by NO production through iNOS2 in the macrophages. Thus, NO production during sepsis exerts an inhibitory action of NLRP3 inflammasomes in both human and mice myeloid immune cells via induction of SESN2. 262, 263 SESN2 −/-mice subjected to sepsis exhibit defective mitophagy which causes increased activation of inflammasomes and enhanced mortality. 262 Additionally, RIPK2 was also found to exert a negative impact on NLRP3 inflammasome activation during acute infections via inducing autophagy of mitochondria (mitophagy) in a kinase-dependent manner by phosphorylating ULK1 protein and reducing CASP1 activation. 264 Thus, autophagy and inflammasome activation are interrelated processes playing an important role in the pathogenesis of sepsis and its outcome. 265, 266 For example, autophagy inhibits inflammasome activation and inflammasome activation inhibits autophagy. [267] [268] [269] Therefore, therapeutics enhancing autophagy may indirectly decrease overactivation of the inflammatory function of inflammasomes or inhibiting inflammasomes during sepsis may enhance autophagy to maintain the immune homeostasis during sepsis. This area needs an urgent research priority to target sepsis. 
H 2 S, sepsis, and inflammasomes
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Inflammasomes and sepsis and endothelial cells, from cysteine due to the activity of enzymes called CBS, CSE, CAT, and MST. 270 ,271 H 2 S plays an important role in the modulation of cardiovascular function including hypertension and ischemia-reperfusion injury. 272, 273 For example, H 2 S protects from ischemia-reperfusion injury via preserving the structure and function of myocardial mitochondria and decreasing the neutrophil infiltration, IL-1β secretion, and cellular necrosis. 272 However, the cardiac dysfunction is a major problem in sepsis patients who had undergone septic shock. [274] [275] [276] [277] [278] H 2 S is shown to protect the mitochondrial function via inhibiting the generation of mtROS that activates the NLPR3 inflammasome 279 ( Figure 5 ). The decrease in mtROS by H 2 S involves S-sulfhydration of c-Jun that enhances its transcriptional activity of SIRT3 and p62. The H 2 S-mediated anti-inflammatory action in both murine and human macrophages involves the inhibition of NLPR3 inflammasome via the inhibition mtROS production and ASC oligomerization in vitro and in a mouse model of peritonitis 280 ( Figure 5 ). H 2 S also inhibits the TLR4/NF-κB activationmediated inflammatory pathway, along with reducing the expression of NLRP3, ASC, pro-caspase-1, CASP-1, IL-1β, IL-18, and CASP-3 that is regulated by TLR4 signaling. 281 Thus, H 2 S exerts its protective action via inhibiting NLRP3 inflammasome-mediated proinflammatory action.
In animal model of sepsis, the inhibition of H 2 S or its activation is proven beneficial to the hosts in terms of their survival and reduced tissue/organ injury, including myocardial injury, via improving neutrophil infiltration, K + ATP channel activation, reducing TNF-α, and increasing IL-10 levels. [282] [283] [284] The CLP-induced sepsis in mice causes a significant increase in the plasma level of H 2 S along with its synthesis in the liver 8 hours post-CLP. 282 Thus, it can be inferred that the beneficial and harmful effects of H 2 S depend on its concentration and duration or stage of sepsis. The beneficial effect of H 2 S during sepsis depends on the inhibition of CHOP, which is a transcription factor and mediates the unfolded protein response that plays a major role in the induction of apoptosis. [285] [286] [287] CHOP is also involved in the generation of IL-1β during endotoxemia or sepsis via regulating the induction of CASP11 that is involved in the maturation of pro-IL-1β via CASP1. 288, 289 Thus, CHOP inhibition via H 2 S is also another mechanism of inflammasome inhibition during sepsis to prevent exaggerated inflammation and organ damage. Hence, H 2 S inhibits NLRP3 activation via inhibiting mtROS generation and CHOP. However, at later stages of sepsis including septic shock, its circulating levels are increased due to the hepatic dysfunction causing an impaired oxygen (O 2 ) availability to the tissues. [290] [291] [292] The acute exposure of higher amount of H 2 S causes an increased expression of IL-18, MyD88, and TLR9 in addition to a decreased expression of CCL12 and CXCR4. 293 Furthermore, this acute expression of H 2 S increases the expression of genes associated with inflammasome, including IL-1β, CASP-1, and AIM2 ( Figure 5 ). However, NLRP3 expression was decreased, but NLRP1b was upregulated upon H 2 S treatment. 293 H 2 S has a great potential to act as a prognostic marker of septic shock and its severity level becomes higher in septic patients within 12 hours of onset of sepsis. 294, 295 Even H 2 S can be detected in the exhaled pulmonary gases of patients with sepsis. 296 Thus, H 2 S negatively regulates NLRP3 at all concentrations, but increases the proinflammatory action of NLRP1b inflammasome at its higher level, aggravating the sepsis-associated organ damage. Thus, H 2 S acts as a novel gasotransmitter regulating the function of inflammasomes during sepsis at all levels. Future studies will prove beneficial in this direction as H 2 S donors have therapeutic potential for both acute and chronic inflammatory diseases. 297 
Prostanoids, eicosanoids, inflammasomes, and sepsis
Prostanoids are lipid mediators synthesized from a 20-carbon unsaturated fatty acid called arachidonic acid by the action of enzymes called cyclooxygenases (COX-1 and COX-2) or PG G/H synthase.
298,299 COX-1 plays an important role in the generation of prostanoids during homeostasis, while COX-2 is induced by proinflammatory cytokines, shear stress, and tumor promoters and serves as a major source for prostanoid biosynthesis during inflammation. 299 Sepsis is shown to alter vasoconstriction via modulating prostanoids' levels ( Figure  6 ). 300 The generation of prostanoids is also regulated by IL-1β generated due to the activation of inflammasomes, and mice lacking COX-2 are defective in producing IL-18 cytokine. 69, 301 Bacterial flagellin or anthrax lethal toxinmediated systemic activation of NAIP5/NLRC4 inflammasomes causes dysregulated production of eicosanoids called eicosanoid storm (a profound or pathological release of signaling lipids, including PGs and leukotrienes, causing a rapid initiation of inflammation and vascular fluid loss), which proves highly lethal to the host due to the rapid loss of vascular fluid into the intestine and peritoneal cavity ( Figure  6) . 302, 303 The eicosanoid generation due to the inflammasome activation occurs due to the activation of cytosolic PLA2 in the peritoneal macrophages. 303 The NLRP3 inflammasome activation is also shown to activate leukotriene B4 that further activates PGE2 via IL-1β/IL-1R signaling. 304 However, an exogenous administration of leukotriene B4 inhibits NLRP3 
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Kumar inflammasome and IL-1β release. 304 Furthermore, 15-deoxy-Δ 12,14 -PGJ2 and related cyclopentenone PGs inhibit CASP1 activation via inhibiting NLRP1 and NLRP3 inflammasome activation through preventing the autoproteolytic cleavage of CASP-1 and, thus, the maturation of IL-1β through the induction of a cellular state inhibitory to CASP-1 proteolytic function. 305 Thus, cyclopentenone PGs acts as anti-inflammatory molecules via inhibiting CASP1, NLRP1, and NLRP3 inflammasomes. The PGE2 via PGE2 receptor E-prostanoid 4 enhances the activity of PKA that directly inhibits NLRP3 inflammasome activation via direct phosphorylation of cytoplasmic NLRP3 at Ser295 and inhibits its ATPase activity Figure 6 Schematic representation of the relationship between prostanoids, eicosanoids, sepsis, and inflammasomes. Notes: Overactivation of inflammasomes is seen in sepsis, which also exhibits overproduction of prostanoids and eicosanoids. These prostanoids and eicosanoids exert their impact on vascular tone and vascular contractility and induce vascular leakage. Additionally, at the immune cell level, a prostanoid called PGe2 causes induction of PKA via acting through eP4 receptors expressed on the macrophages, which directly inhibits NLRP3 inflammasome by binding to Ser295. Also, PGe2 activates RIPK2 via eP3, which activates MAP kinases and NF-κB causing activation of NLRC4 inflammasomes. The activation of NLRC4 inflammasome increases the systemic levels of IL-18 and IL-1β cytokines, while PGD2, via acting through DP1, induces the production of PYDC3 protein that directly inhibits NLRP3 inflammasome overactivation. See text for detail. 
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Inflammasomes and sepsis ( Figure 6 ). 306 Additionally, PGE2 via E-prostanoid 4 also increases the intracellular levels of cAMP which further decreases NLPR3 inflammasome activation. 307 Thus, eicosanoids both inhibit and enhance inflammasome activation and this mechanism needs to be identified clearly.
The PG E2-E type PG receptor 3 (PGE 2 -EP3) signaling is shown to activate NLRC4 inflammasome and the secretion of IL-1β and IL-18 via RIPK2 that activates NF-κB signaling and MAP kinases upon infection. 301, 308 In addition, the COX-2-dependent generation of prostanoids in endothelial cells (ECs) plays an important role in the vascular functions of ECs, which gets dysregulated during sepsis and results in septic shock and organ damage. 309 Thus, it will be interesting to delineate the relationship between inflammasome activation and prostanoid generation during sepsis to develop future therapeutic to prevent vascular dysfunction or vascular leakage seen during sepsis. Inhibition of prostanoids by 20-hydroxyeicosatetraenoic acid (an ω-hydroxylation product of arachidonic acid that is produced by CYP/CYP450 [CYP] enzymes, mainly by the CYP4A and CYP4F isoforms, in the kidney, heart, liver, brain, lung, and vasculature) and N- [20-hydroxyeicosa-5 (Z),14(Z)-dienoyl]glycine during sepsis is shown to inhibit vasodilation, hypotension, tachycardia, and inflammation in a rat model of septic shock. 310, 311 This can be attributed to the inhibition of NLRP3 and NLRC4 inflammasome also and needs to be investigated. Another study has indicated the negative effect of PG D2 on inflammasome activation during certain infections via D-prostanoid receptor 1 that stimulates the induction of a putative inflammasome inhibitor called PYDC3 in CD11b
+ myeloid cells including monocytes/macrophages and microglial cells ( Figure 6 ).
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PYDC3 acts as PYD only protein lacking other ligandbinding domains and inhibits the process of inflammasome nucleation via direct binding. 312 In addition to PYDC3, POP1 and POP3 (pyrin domain-only proteins) also act as negative regulators of NLRP3 and ALR inflammasomes and prevent their overactivation. 313, 314 POP1 inhibits ASCdependent inflammasome assembly through prevention of inflammasome nucleation, which interferes with CASP-1 activation, IL-1β and IL-18 release, pyroptosis, and the release of ASC particles.
313 POP1 expression is regulated by other inflammatory signals mediated by TLR and IL-1R signaling that also affect prostanoid or PG synthesis. Thus, it will be interesting to observe the impact of prostanoids on POP1 and POP3 expression during sepsis. It can be suggested that inflammasomes and prostanoids impact each other in both directions and the regulation of one affects the other. The relationship between inflammasomes and prostanoids needs to be understood for forming better therapeutics to manage sepsis.
Immunosuppression during sepsis and inflammasomes
Sepsis-associated immunosuppression/immunoparalysis proves detrimental to the host and makes it prone to develop secondary infections even after full recovery. 8, 23, 315 This is because it lasts for longer duration due to severe damage acquired by the host immune system, including paralyzed DCs and macrophages. 316, 317 Activation of inflammasomes is a major regulator of the release of proinflammatory cytokines IL-1β and IL-18 and the induction of death of macrophages and DCs via pyroptosis or necroptosis. However, the death of these immune cells contributes to the development of immunosuppression/immunoparalysis observed during the late stage of sepsis. 8 Additionally, conventional T-cells (CD4
+
, CD8
+ , and CD4 + CD8 + T-cells) are also lost during early sepsis and further aggravate the immunoparalysis. 318 Also, an upregulation and profound activation of Tregs at the later stages of sepsis is the major contributor to the development of immunosuppression. 319, 320 A recent study has identified the existence of NLRP3 inflammasome and its activation for the normal Th1 immune response mediated by CD4
+ T-cells. 229 Another study has indicated the role of NLRP3 inflammasome activation in the migration of CD4
+ T-cells to the distant organs due to the upregulation of chemotactic proteins including osteopontin, CCR2, and CXCR6. 124 Thus, it would be interesting to investigate the role of the inflammasome in T-cell function, migration, and their death during sepsis.
Another mechanism that can contribute to the sepsisassociated immunosuppression involves the Foxp3 − type one regulatory (Tr1) cells which suppress NLRP3 activation via an IL-10-dependent mechanism. 321 The activation of Tr1 cells causes the release of IL-10 that, in turn, inhibits the release of maturation of pro-IL-1β, release of mature IL-1β, and inflammasome-mediated activation of CASP1 in macrophages stimulated with LPS and ATP. 321 It should be noted that IL-10 is a major immunosuppressive cytokine that gets elevated during sepsis. [322] [323] [324] [325] Also, a higher level of IL-10 is shown to regulate the transition from early reversible sepsis to the late phase of irreversible septic shock in laboratory animals. 326 Thus, inflammasomes play an essential role during both the stages of immune response (ie, exaggerated activation of immune response and immunosuppression) observed during sepsis. 
Therapeutic targeting of inflammasomes to manage sepsis
Inflammasomes play an important role in inflammation via regulating the initiation of the inflammatory cascade through regulating the release of IL-1β and IL-18 cytokines, immune cell (ie, neutrophils, monocytes etc) chemotaxis and infiltration, and direct recognition of cytosolic pathogens and their PAMPs. Thus, molecules targeting inflammasomes will prove beneficial to control the exaggerated systemic inflammation and inflammatory organ damage during sepsis. In addition to increasing the release of IL-1β and IL-18 cytokines via activating CASP1, the NLRP3/ASC inflammasome complex inhibits the maturation and release of IL-33 cytokine. 327, 328 Thus, IL-33 levels are decreased in the circulation during sepsis. IL-33 works by binding to IL1RL1 or ST2 that belongs to IL-1 superfamily. 329, 330 The binding of IL-33 to membrane-bound ST2 initiates MyD88/NF-κB signaling which increases the mast cell function and Th2-and Tregmediated immune response. 330, 331 However, this protective action of IL-33 is lost due to the inhibition of its maturation and release by NLRP3 inflammasome-mediated activation of CASP1 that inactivates IL-33. This is because activation of mast cells causes prompt release of TNF-α due to their property of storing presynthesized cytokine during acute bacterial peritonitis. 332 In addition to a decrease in circulating IL-33 during sepsis, the serum levels of soluble ST2 also increases, which acts as decoy receptor for IL-33 that further lowers IL-33 levels by sequestering it. 330, [333] [334] [335] Exogenous administration of soluble ST2 in septic mice leads to decreased IL-6 and TNF-α levels, 336 which further indicates that the IL-33-mediated activation of mast cells is inhibited giving an initial proinflammatory signal via releasing presynthesized TNF-α and IL-6. IL-33 cytokine therapy in a mouse model of sepsis exhibits protective action. 337 IL-33-treated animals exhibited increased neutrophil infiltration that is required to kill the pathogens efficiently when their number can be easily controlled. This can be explained as the IL-33-mediated activation of peritoneal mast cells that initiate the very first signal for neutrophil infiltration via releasing the presynthesized TNF-α and IL-6. 332, 338 Furthermore, IL-33 treatment decreased systemic inflammation, leaving the local proinflammatory response intact, which is required to kill the pathogen at its niche acting as a source for bacteremia and, thus, the sepsis. The increased neutrophil infiltration into the peritoneum can also be expected due to the upregulation of CXCR2 on neutrophils as a result of inhibition of GRK2 expression. 337 GRK2 is a serine-threonine protein kinase that induces internalization of chemokine receptors. However, it does not activate an immunologic shift from a Th1 immune response to a Th2 immune response. 337 The activation of peritoneal mast cells during bacterial peritonitis inhibits the phagocytic capacity of peritoneal macrophages via releasing prestored IL-4. 339 Thus, it will be interesting to observe the effect of IL-33 treatment on the levels of IL-4.
Various phytochemicals and chemicals (MCC950) have been identified and developed that target inflammasomes during diverse sterile inflammatory conditions mentioned. [340] [341] [342] For example, MCC950 is shown to control the endothelial overexpression of adhesion molecules during the inflammatory process observed during sepsis. 136 Furthermore, MCC950 regulates inflammation via targeting both NLRP3-dependent canonical CASP1 and non-canonical activation of CASP11 required for IL-1β release and pyroptosis during endotoxemia in mice. 343 Thus, this molecule has a great potential to be used during sepsis for controlling severe systemic inflammation and inflammatory organ damage. In addition, a ketone body called β-hydroxybutyrate is also shown to inhibit NLRP3 inflammasome via inhibiting K + efflux and ASC oligomerization and prevent the synthesis and release of proinflammatory cytokines IL-1β and IL-18. 344 Ketone bodies are small lipid-derived molecules that serve as a circulating energy source for tissues during shortage of energy, that is, due to fasting or prolonged exercise. 345, 346 An altered ketone body metabolism and changes in their levels in the systemic circulation due to its impaired synthesis by the liver during sepsis are observed. [347] [348] [349] These ketone bodies exert anti-inflammatory action under diverse inflammatory conditions via different mechanisms including targeting and modulating HDACs and activating GPCRs and PPAR-α. 346 PPARs are nuclear receptors that have three isoforms (ie, PPAR-α, PPAR-β, and PPAR-γ) and play an active role in various cellular processes (ie, lipid metabolism, glucose homeostasis, implantation, embryonic development, bone formation, adipogenesis, insulin sensitivity, inflammation, etc). 350 The activation of PPAR-α and PPAR-γ via drugs such as fenofibrate and pioglitazone (PIO) has been found to inhibit NLRP3 inflammasome and CASP1 activation under diverse inflammatory conditions. 351, 352 Previously, it was found that the activation of PPAR-γ with rosiglitazone and PIO during sepsis prevented cardiac dysfunction and mortality, along with increasing bacterial clearance. [353] [354] [355] [356] A reduced expression of PPAR-α is associated with decreased survival and increased bacterial load in a polymicrobial sepsis model. 357 This can be attributed to the decreased activation of NLRP3 inflammasome and CASP1 required for IL-1β and clearance of intracellular bacteria. 357 Thus, β-hydroxybutyrate 
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Inflammasomes and sepsis analogs, MCC950, and PPAR agonists including fenofibrate and PIO have a novel potential to be used during sepsis to prevent inflammatory organ damage and mortality. Thalidomide has been found to exhibit protective action in a mouse model of sepsis and pneumonia due to its immunomodulatory action alone or in combination with antibiotics. [358] [359] [360] [361] A recent study has also shown that thalidomide exerts its immunomodulatory action by inhibiting NLRP3 inflammasome and CASP1 required to release IL-1β and IL-18. 362 Thus, thalidomide is a broad-spectrum immunomodulatory agent that also inhibits inflammation via targeting NLRP3 inflammasome and CASP1 activation. Another molecule called cytokine release inhibitory drug 3 (CP-456773) blocks ASC oligomerization, a crucial step required for the activation of canonical inflammasome signaling pathway, and is also found to exert immunomodulatory action. 363, 364 Recently, a new molecule called OLT1177 (β-sulfonyl nitrile compound) was found to be orally active in inhibiting NLRP3 inflammasome oligomerization and activation through inhibiting the interaction between NLRP3 and ASC and the interaction between NLRP3 and CASP1. 365 Treatment of a mouse model of endotoxemia/sepsis with the compound caused a significant decrease in IL-1β and IL-18 levels in tissue homogenates, oxidative stress, and an enhanced oxidative metabolism in the muscle tissues. 365 Interestingly, this compound is considered safe in humans.
Shikonin is a highly lipophilic naphthoquinone derivative derived from the roots of the plant called Lithospermum erythrorhizon belonging to the Boraginaceae family. 366 Shikonin and its derivatives are the major active components in the Chinese traditional medicine called Zicao which is used due to its antibacterial, antiviral, anti-inflammatory, and antipyretic action. A study by the authors has shown that shikonin inhibits the NLRP3 inflammasome-dependent maturation of proIL-1β as well as AIM2 inflammasome. 366 Thus, it inhibits the process of ASC oligomerization along with directly inhibiting the activation of CASP1. Another plant extract derived from the plant Artemisia princeps of the Asteraceae family has also shown NLRP3 and AIM2 inhibitory action via reducing ASC phosphorylation, its oligomerization, and speck formation required for the activation of canonical inflammasome signaling. 367, 368 Treatment of animals with A. princeps extract also reduced the levels of the proinflammatory cytokines including IL-1β in a mouse model of peritonitis. 368 Additionally, another naturally occurring compound known as sulforaphane isolated from the vegetables of Brassicaceae or Cruciferae was also found to inhibit NLRC4 and NLRP3 inflammasomes without affecting AIM2 in a mouse model of peritonitis. 369 Sulforaphane directly inhibits the expression of NLRP3 gene and proIL-1β during the priming step and further inhibits the secretion of IL-1β and mtROS generation. 369 Thus, the continuous development in molecular biology and immunology tools along with the advances in pharmacology and natural chemistry have led to the development and identification of novel inflammasome inhibitors with negligible toxic effects. Hence, molecules directly targeting inflammasomes can be ascribed as future therapeutic agents to target sepsis-associated inflammation and inflammatory organ damage, alone or in combination with other potential drugs and antibiotics. Inflammasome targeting comprises an area of sepsis research with great therapeutic potential.
Future perspective
Sepsis is a disease of dysregulation of immune response against an infection that can be easily contained in humans with normal immune response, but not in newborns or older group of people or persons having some chronic diseases (ie, type 2 diabetes mellitus [T2DM], obesity, etc) where it impacts the effectiveness of the innate immune response. [370] [371] [372] [373] [374] Both diabetes and obesity are also associated with impaired functions of inflammasomes. For example, an overactivated NLRP3 inflammasome in the immune cells is associated with both obesity and insulin resistance and T2DM. [375] [376] [377] [378] [379] [380] Thus, one can speculate that pre-existing dysregulated inflammasome function may predispose these persons to develop sepsis from an infection that can be easily taken care of in otherwise healthy persons. One reason can be decreased autophagy during obesity and T2DM that has been observed in both conditions. [381] [382] [383] [384] [385] Even the activation of FXR or BAR is shown to negatively regulate NLRP3 inflammasome and CASP1 activation via physical interaction during cholestasisassociated sepsis. 386 The targeting of FXR (Fexaramine) also has a great potential to target obesity that have potential to impact NLRP3. 387 Thus, these FXR agonists can be used to target NLRP3 inflammasome due to the negative effect of FXR activation on NLRP3 inflammasome and CASP1. For example, GW4064 is a molecular agonist for FXR and inhibits NLRP3 inflammasome in FXR-independent manner.
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GW4064 inhibits the oligomerization and ubiquitination of ASC, a critical step for NLRP3 inflammasome activation, and partially protects from the symptoms of NLRP3-dependent inflammatory diseases including sepsis in animal models. Hence, targeting specific inflammasomes, FXR, and autophagy during sepsis can be a future patient-based specific therapeutic approach. In addition to autophagy, Inflammasomes were first discovered by Dr Jürg Tschopp in the year 2002 to identify the LPS (responsible for endotoxemia and endotoxic shock during gram-negative bacterial sepsis)-mediated activation of CASP1 as an inflammatory complex playing a role in the release of IL-1β. Since their discovery, inflammasomes have been studied in detail in various chronic sterile inflammatory conditions including different tumors, neurodegenerative diseases, atherosclerosis, and autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis, juvenile idiopathic arthritis, experimental autoimmune encephalomyelitis, and multiple sclerosis in humans. But continuous research in the field targeting host-pathogen interaction has also established them as potent intracellular PRRs for a wide variety of pathogens that can lead to the development of sepsis if remained unchecked without an effective clearance. Thus, a perfect time has come where we are equipped with advanced molecular biology, omics, and immunology tools for closing the Pandora's box of inflammasomes to understand more precisely their role in the immunopathogenesis of sepsis and its targeting. For example, NLRP3 inflammasome-deficient mice show resistance toward polymicrobial sepsis due to increased production of proresolving lipid mediator lipoxin B4 that exerts anti-inflammatory and anti-pyroptotic effects. 389 Future studies in the direction are immediately required as targeting inflammasomes has a novel potential to serve as a panacea for sepsis.
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